The range of therapeutic treatment options for central nervous system (CNS) diseases is greatly limited by the blood-brain barrier (BBB). While a variety of strategies to circumvent the blood-brain barrier for drug delivery have been investigated, little clinical success has been achieved. Focused ultrasound (FUS) is a unique approach whereby the transcranial application of acoustic energy to targeted brain areas causes a noninvasive, safe, transient, and targeted opening of the BBB, providing an avenue for the delivery of therapeutic agents from the systemic circulation into the brain. There is a great need for viable treatment strategies for CNS diseases, and we believe that the preclinical success of this technique should encourage a rapid movement towards clinical testing. In this review, we address the versatile applications of FUS-mediated BBB opening, the safety profile of the technique, and the physical and biological mechanisms that drive this process.
Structure and function of the blood-brain barrier
Proper cerebral function is dependent upon a tightly regulated extracellular milieu surrounding neurons and glia (De Bock et al., 2013) . The blood-brain barrier (BBB) plays a major role in maintaining this environment by selectively isolating the parenchyma from the circulatory system. The major anatomical features of the BBB include a layer of specialized endothelial cells (ECs), a basement membrane, and a non-continuous layer of pericytes, which is surrounded by another basement membrane. An additional layer, composed of astrocytic endfeet, surrounds the second basement membrane (Hawkins and Davis, 2005) (Fig. 1) . At the interface of adjacent ECs are adherens and tight junction (TJ) complexes, consisting of transmembrane proteins, which include various junctional adhesion molecules, claudins, and occludens. The intracellular domains of these proteins are anchored to the cytoskeleton of ECs, while the extracellular domains form homodimers with proteins on adjacent ECs (Abbott et al., 2006) . Together, these bonds create a tight link between ECs, contributing to a 'physical barrier' which limits paracellular diffusion to small (<400e500 Da), water soluble molecules (Pardridge, 2005) .
While small gaseous or lipophilic molecules can freely diffuse through the lipid membrane of ECs, the presence of specific transporter complexes in the luminal and abluminal surfaces strictly regulate the transcellular movement of larger polar and non-polar molecules (Abbott et al., 2006) . These complexes contribute to a 'transport barrier' which facilitates the movement of select substances, such as glucose and essential amino acids, transported by specific carrier proteins (Abbott et al., 2006) . Vascular ECs in the central nervous system (CNS) also make use of receptor-mediated transcytosis and adsorptive transcytosis to regulate the movement of large molecules. However, these cells have a much lower degree of endocytosis than in peripheral endothelia (Pardridge, 2002) . While fewer fenestrations and vesicles result in reduced transcytosis, efflux pumps (e.g. Pglycoprotein and multidrug resistance-associated protein) and enzymes prevent toxic molecules from accumulating (Abbott et al., 2006) .
Together, the unique combination of features that make up the BBB act to maintain homeostasis and protect the brain from infection. Its importance is exemplified by several neurodegenerative diseases where aberrant BBB function has been observed. In humans, a variant of the APOE gene is strongly associated with Fig. 1 . Components of the BBB. The BBB is composed of a layer of specialized vascular ECs, linked together by adherens and TJ proteins. This layer is surrounded by a basement membrane, then a non-continuous layer of pericytes. An additional basement membrane and astrocytic endfeet complete the major anatomical features of the BBB. This configuration contributes to the selective exclusion of a vast majority of therapeutic agents in circulation from entering the brain parenchyma. Abbreviations: BBB ¼ blood-brain barrier, EC ¼ endothelial cell, TJ ¼ tight junction.
Alzheimer's disease (AD; Genin et al., 2011) . In mice, this protein variant triggers an inflammatory response in pericytes, which is thought to cause chronic BBB dysfunction and contribute to neurodegenerative changes (Bell et al., 2012) . Other neurodegenerative disorders in which BBB dysfunction has been observed include Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) (Zlokovic, 2008) . While further work may be necessary to determine whether BBB dysfunction is causative or a result of the underlying neuropathology, the links established thus far highlight the essential role of the BBB in normal brain function.
Approaches for drug delivery to the brain
The limited pharmacological success in treating diseases of the CNS is not due to the lack of candidate drugs, but due to the highly selective nature of barriers that protect the CNS, namely the BBB and the blood-spinal cord barrier. The BBB limits almost all largemolecule neurotherapeutics and over 98% of small-molecule drugs from passing from the systemic circulation to the brain parenchyma (Pardridge, 2005) . The majority of current techniques designed to enhance delivery of therapeutics to the brain do so in a non-targeted manner (for extensive review, see Chen and Liu, 2012) . Methods of circumventing the BBB can be categorized as (i) chemical, (ii) biological, or (iii) physical stimuli. This section will briefly summarize the techniques and limitations of each category.
Chemical stimuli to enhance blood-brain barrier permeability
Several chemical stimuli bypass the BBB by acting on the TJs between ECs, thereby increasing paracellular permeability. Arterial injection of hyperosmotic solutions, such as mannitol (Nagy et al., 1979) or arabinose (Dorovini-Zis et al., 1984) , into the systemic circulation causes ECs to shrink, thereby stretching TJs and creating a leaky BBB. Other substances that alter TJ integrity include oleic acid (Sztriha and Betz, 1991) and lysophosphatidic acid . However, some of these techniques, such as the administration of hyperosmolar solutions, have been found to cause structural changes to the vasculature and cellular damage in the brain parenchyma (Salahuddin et al., 1988) .
Solvents such as dimethyl sulfoxide (DMSO) (Broadwell et al., 1982) , ethanol (Hanig et al., 1972) , sodium dodecyl sulphate (SDS) (Saija et al., 1997) , or other surfactants (Pardridge, 2005) can also cause BBB opening (BBBO) by solubilizing the lipid bilayer. Solventmediated BBBO is common for the delivery of drugs, as small amounts are often sufficient. Additionally, immune adjuvants can recruit endogenous antibodies, induce an inflammatory response, and open the BBB; however this BBBO lasts for weeks (Rabchevsky et al., 1999) .
The field of bioengineering has also contributed various techniques to circumvent the BBB. Examples include BBB-targeted nanocarriers, which target brain capillary ECs (Fornaguera et al., 2015) , and hydrogels containing hyaluronan and methylcellulose (Tuladhar et al., 2015) .
Intranasal injections can also bypass the BBB, but the drug type and delivered volume may be limited. In addition, the route of delivery from nose to brain remains controversial (Kristensson and Olsson, 1971; Thorne et al., 2004; Pardridge, 2005; Lochhead and Thorne, 2012) . Intranasally delivered drugs must first bypass the nasal epithelial cells, which are also connected by TJs. Drugs that successfully pass through the nasal epithelia are delivered to the cerebrospinal fluid (CSF) of the subarachnoid space and the systemic circulation. Thus, drug effects in other organs and vascular beds must also be considered for intranasal injections. Finally, the volume of drug that can be delivered to the CNS without causing damage to the olfactory system by intranasal injection is approximately 25e200 mL, which is less than the minimum therapeutic volume required for most drugs, even at high concentrations. Repeated drug administration would be necessary, which would render the olfactory system at risk of damage (Lochhead and Thorne, 2012) .
The major limitations of bypassing the BBB via chemical stimuli are that substances necessarily have a global effect across the brain and peripheral tissues, and cannot be targeted to specific brain regions. Not only is this a restricting factor for neurological diseases in which progression is not homogeneous across all brain areas (e.g. hippocampus in AD, substantia nigra in PD, stroke, glioblastoma), but there is also a potential risk of toxicity in unaffected tissue.
Biological stimuli to enhance blood-brain barrier permeability
Biological stimuli designed to enhance BBB permeability have mostly been limited to in vitro studies (Chen and Liu, 2012) . Similar to chemical stimuli, some biological agents act on TJs to enhance BBB permeability (Abbott, 2000) . Examples include zonula occludens (ZO) toxin (Karyekar et al., 2003) and vasoactive and inflammatory stimuli, such as histamine (Schilling and Wahl, 1994) , bradykinin (Unterberg et al., 1984) , and vascular endothelial growth factor (VEGF) (Roberts and Palade, 1995) . Compounds can also be modified to increase their ability to bypass the BBB (e.g. Cereport, an analog of bradykinin) (Sanovich et al., 1995) .
Viruses can cause BBBO by recruiting chemokines, thereby upregulating the infiltration of inflammatory cells and causing BBBO by disrupting TJs (Kuang et al., 2009; Nakamuta et al., 2008; Man et al., 2007) . Other viruses, such as the West Nile virus (Verma et al., 2009) , can cross the BBB without BBBO by upregulating cell adhesion molecules which facilitate the infiltration of infected immune cells. Intravenous injection of adeno-associated virus-9 (AAV9) has been shown to target various cell populations of the CNS without BBBO (Foust et al., 2009 ). The widespread delivery and side effects of using viral vectors must be carefully considered due to the genetic alterations that can result.
The use of carrier molecules and novel drug design have also been extensively investigated to deliver therapeutics to the brain parenchyma in clinically relevant doses. Carrier molecules that have been shown to bypass the BBB include nanocarriers (Bhaskar et al., 2010) , liposomes (Afergan et al., 2008) , and amphiphilic aggregates (Chen et al., 2011) . It is also possible to tag drugs with various molecular groups to inhibit endogenous efflux pumps (Batrakova and Kabanov, 2008) , or to take advantage of innate biological processes, such as receptor-mediated transcytosis (Pardridge, 2005) and cell-mediated transport mechanisms (Jain et al., 2003) .
Similar to chemical stimuli, the major limitation to these biological modifications is the lack of targeting. Even if drug carriers and vectors can be delivered in clinically relevant quantities, it is currently impossible to selectively deliver these substances to specific locations in the brain. Receptor mediated transport and transport vectors allows some degree of specificity of drug delivery, but currently only low percentages (1e4%) of the injected dose can be successfully delivered to the relevant areas in the brain (Jones and Shusta, 2007) .
Physical stimuli to enhance blood-brain barrier permeability
Although delivery of therapeutics via invasive methods, such as stereotaxic intracranial injections, have been shown to result in functional (Maddison, 1977; Suzuki et al., 1982) and beneficial (Frisella et al., 2001; Lee et al., 2010) effects and allow some degree of targeting, deeper structures such as the brainstem are difficult to reach. In addition, seizures and intracranial bleeding are often surgical risks (Muir et al., 2011) .
Besides ultrasound, several techniques have been proposed to disrupt the BBB in a thermally-dependent manner. Low-level microwave energy has been used to open the BBB by increasing the temperature in the brain by at least 1 C (Kiyatkin and Sharma, 2009 ). Other groups have reported that BBB opening only occurs if the brain is heated to at least 40 C (Moriyama et al., 1991) . Although purportedly a noninvasive strategy, it is clear that heating the brain to such a degree is likely detrimental and may increase the risk of infection (Lange and Sedmak, 1991) . Other examples of thermally-dependent BBBO include using electromagnetic pulses to disrupt TJs (Qiu et al., 2010) and using a low radiofrequency field to heat magnetic nanoparticles (Tabatabaei et al., 2015) .
These alternatives require further investigation, and although they can be considered for global BBBO, noninvasive and targeted specificity would be difficult to achieve. In contrast, focused ultrasound (FUS), used in conjunction with intravenous microbubble (MB) administration, is a noninvasive, safe, and reversible way to open the BBB in targeted areas.
Overview of focused ultrasound
The potential for FUS as a noninvasive alternative to neurosurgery is well-established. Lynn et al. first demonstrated the utility of high-intensity focused ultrasound (HIFU) for the ablation of cortical and subcortical tissue in 1942 (Lynn et al., 1942) . Work by Bakay et al. in the 1950's built on this work with the first reported evidence of increased BBB permeability in the margins of HIFU induced lesions (Bakay et al., 1956) , an observation also made by others (Ballantine et al., 1960; Shealy and Crafts, 1965) . This early work on HIFU-induced brain tissue ablation not only established the foundation for ongoing clinical trials (Lipsman et al., 2013; Elias et al., 2013) , but was also seminal to the idea of FUSinduced BBBO. While work in the 1990's suggested that the cavitation effects of FUS could be used to increase BBB permeability without associated tissue damage, inconsistencies with the technique raised concerns with respect to safety and efficacy (Vykhodtseva et al., 1995) .
In 2001, the technique was modified by Hynynen et al. to include the intravenous administration of MBs, an ultrasound contrast agent, immediately prior to the application of FUS (Hynynen et al., 2001) . As the MBs travel through the circulatory system they are dispersed and eventually pass through blood vessels within the focus of the ultrasound. Here, they begin to expand and contract in response to the cycles of rarefaction and compression of the propagating ultrasound wave (Fig. 2) . The mechanical stimulation of vessel walls caused by the behavior of MBs is believed to drive the opening of the BBB (Hosseinkhah et al., 2015) . Ultimately, the addition of MBs in FUS treatment enables a reduction in the acoustic power required to influence BBB permeability by lowering the cavitation threshold within the vasculature. This reduction in acoustic energy significantly reduces skull heating effects and permits safe transcranial ultrasound administration.
Given the large number of factors that can influence FUS (discussed below), real-time feedback during treatment seems essential for safe and repeatable BBBO. The introduction of acoustic emission detection during sonication has provided a way to monitor Tung et al., 2010) and calibrate the acoustic pressure amplitude based on the in vivo behavior of MBs in real-time. By reducing the pressure once the sub-or ultra-harmonic emissions characteristic of stable cavitation are detected, a more consistent treatment is achieved (O'Reilly and Hynynen, 2012) . The combination of optimized FUS parameters and real-time feedback of MB behavior has resulted in a technique to temporarily increase the permeability of the BBB in a targeted, safe, and reproducible manner, presenting an avenue for the delivery of therapeutic agents to the brain.
Targeted delivery of therapeutic agents
While FUS has a wide range of applications, preclinical studies involving FUS-induced BBBO have thus far largely focused on the delivery of therapeutic agents. Given the scarcity of drugs which permeate the BBB at concentrations sufficient to produce clinically relevant effects (Pardridge, 2005) , work demonstrating the ability to deliver substances to the brain following FUS is in its infancy, but has shown great promise. Much of this work uses magnetic resonance imaging (MRI), which allows anatomical targeting of FUS. Target areas are chosen from MR images of each subject's brain, and BBBO is confirmed after treatment by the leakage of gadolinium contrast agent from blood vessels ( Fig. 3a and b) . This section will discuss some examples of MR-guided FUS studies, highlighting the range of therapeutic agents delivered to the brain to date.
Chemotherapeutics are one of the most useful classes of drugs in medical oncology; however, their efficacy in the treatment of brain tumors remains low due to poor penetrance (Doolittle et al., 2007) . Several groups have demonstrated the ability to increase their concentration within brain tumor models following FUS, leading to decreases in tumor volume and increased survival time. Elevated concentrations of doxorubicin in the brain following FUS treatment was first demonstrated in healthy rats without tumors (Treat et al., 2007) . Since then, further work has shown enhanced delivery of doxorubicin in a glioma rat model (Treat et al., 2012) and two syngenic glioblastoma mouse models (Kovacs et al., 2014) when chemotherapeutic administration is accompanied by FUS and MBs. Importantly, these treatments reduced tumor volumes and increased survival time. In addition to doxorubicin, the delivery of other chemotherapeutic drugs, such as methotrexate (Mei et al., 2009) , bis-chloroethylnitrosourea (BCNU) (Liu et al., 2010a; Fan et al., 2013) , and temozolomide , to brain tumors are also enhanced by FUS-induced BBBO.
The use of viral vectors in gene therapy represents a powerful avenue for controlling gene expression and has the potential to be a flexible tool in the treatment and prevention of a large number of pathologies. Thus far, the delivery of viral vectors to specific areas of the brain has been primarily achieved by invasive intracranial injections. FUS-induced BBBO has the potential to change this by providing a means of noninvasive targeted delivery while enabling increased transfection efficiency without raising the dose of viruses administered. This concept has been demonstrated in mice by delivering AAV9-green fluorescent protein (GFP) to cells in the striatum and hippocampus (Th evenot et al., 2012) . In this study, GFP expression was found to be greatest in neurons and astrocytes of FUS-targeted regions, with minimal expression in other brain areas or peripheral organs. Several other studies have also demonstrated the ability to introduce genetic material to the brain in a targeted manner with FUS, delivering AAV2-GFP (Hsu et al., 2013) , siRNA for huntingtin protein (Htt) knockdown (Burgess et al., 2012a) , and rAAV1-and rAAV2-expressing eGFP under synapsin promoter (Wang et al., 2015) .
While immunotherapy has shown promise in reducing amyloid beta (Ab) in mouse models of AD (Bard et al., 2000; Wilcock et al., 2004) , the low levels anti-Ab antibodies that enter the CNS from the bloodstream may hinder the efficiency of this treatment avenue (Banks et al., 2002) . Enhanced delivery of anti-Ab antibodies to the brain following FUS-induced BBBO has been shown to be effective in reducing Ab plaque pathology 4 d following treatment in a transgenic AD mouse model (TgCRND8 mice; Jordão et al., 2010) . Although there is great debate regarding the exact contribution of Ab plaques to cognitive deficits in AD patients (Nelson et al., 2009) , the behavioral improvements measured in AD models following plaque reduction (Wilcock et al., 2004 ) may indicate potential for immunotherapy in the treatment of AD. In addition to anti-Ab antibodies, delivery of dopamine receptor D4 antibodies (Kinoshita et al., 2006a) and human epidermal growth factor receptor 2 (Her2) monoclonal antibodies (Kinoshita et al., 2006b ) to targeted brain areas have also been enhanced with FUS. In addition to that described above, the enhanced delivery of natural killer cells expressing Her2 chimeric antigen receptor (Alkins et al., 2013) , iron-labeled GFP-expressing neural stem cells (Burgess et al., 2011) , therapeutic magnetic nanoparticles (Ting et al., 2012) , and brain-derived neurotrophic factor (BDNF) (Baseri et al., 2012) , have also been demonstrated. The diversity in therapeutic agents delivered to the brain with FUS demonstrates the versatility of this technology and provides an incentive for accelerated clinical testing.
Pharmacokinetics of focused ultrasound-mediated drug delivery
As discussed above, a wide variety of therapeutics have been shown to cross the BBB following FUS; however, the kinetics of drug delivery post-BBBO has received less attention despite the importance of this information for determining appropriate drug doses.
Studies using dynamic contrast enhanced (DCE) MRI have measured the transfer coefficient (K trans ) for Gd-DTPA, an MRI contrast agent, to be 0.0142 ± 0.006 min À1 at 30 min post-FUS, two or more orders of magnitude higher than in non-sonicated areas (Park et al., 2012) . The K trans for Gd-DTPA was found to decrease , respectively. Importantly, a linear correlation was found between the concentration of doxorubicin measured in the targeted brain locations and the K trans of Gd-DTPA measured 30 min after sonication (Park et al., 2012) . Additionally, work from Vlachos et al. using DCE-MRI has reported K trans plateaus ranging from 0.0105 ± 0.0035 to 0.0515 ± 0.0068 min À1 depending on the acoustic pressure of sonication and the size of MBs used (Vlachos et al., , 2011 . As acoustic pressure increased, K trans plateaus increased as well (0.3e0.6 MPa; 1.5 MHz sonication frequency).
Similarly, MB size (1e2 mm to 7e8 mm MB diameter) was also positively correlated to K trans plateaus (Vlachos et al., 2011) . Two-photon microscopy has also been used to gain insight into the kinetics of BBB leakage following FUS. The superior spatial and temporal resolution achieved with the technique, compared to that of DCE-MRI, has provided more detailed information regarding the heterogeneity of leakage between blood vessels. Nhan et al. demonstrated that the permeability of the BBB following FUS is size-dependent: larger vessels (20e70 mm) tend to be less permeable than smaller vessels (10e30 mm) (Nhan et al., 2013) . This work also showed that the size of fluorescent dye used has an influence on the measured K trans , with permeability constants of 0.0359 min À1 and 0.0231 min À1 for 10 and 70 kDa Texas Red conjugated dextrans, respectively, when sonicating at 0.8 MPa (1.2 MHz sonication frequency) (Nhan et al., 2013) . While assessing the kinetics of BBB leakage following FUS with vascular dyes provides useful information, it may not accurately predict the extravasation of specific therapeutics. To this end, Yang et al., have investigated the pharmacokinetics of specific drugs following FUS-mediated BBBO. Using serial microdialysis sampling, they measured an increase in the maximum extracellular fluid concentration of boronophenylalanine-fructose (FUS: 6.8 ± 1.9 mg/ mL; control: 3.8 ± 0.5 mg/mL), mean residence time (FUS: 503 ± 192 min; control: 313 ± 87 min), and area under the curve (FUS: 1887 ± 600 min mg/mL; control: 888 ± 225 min mg/mL) in sonicated versus non-sonicated rat gliomas (Yang et al., 2014) . Similarly, they also assessed the pharmacokinetics of 111 In-labeled liposomal doxorubicin following FUS in a murine glioma model using microSPECT/CT. They found that the tumor-to-contralateral brain ratios of doxorubicin after injection reached a maximum value at 48 h post-sonication, with peak values in the sonicated locations being more than twice as great as untreated regions (Yang et al., 2012a) . These initial studies provide insight into the unique pharmacokinetic profile of drug delivery following FUS-mediated BBBO.
Physical effects of focused ultrasound and microbubbles in vasculature
The addition of ultrasound contrast agents containing preformed MBs to the FUS technique have been shown to decrease the ultrasound power necessary to cause BBBO by at least two to three orders of magnitude (Hynynen et al., 2001 . MBs absorb and emit ultrasound energy in the confined space of the vasculature, thereby decreasing the acoustic energy deposited in the surrounding tissue and bone. In the vasculature, MBs exert forces against the surrounding walls by contracting and expanding through cycles of compressions and rarefactions of the acoustic wave (Qin et al., 2009 ).
There are four major interactions between ultrasound and MBs that are hypothesized to contribute to BBBO. First, stably oscillating MBs exert shear forces against the surrounding fluid and cells, producing microstreaming (Lewin and Bjørnø, 1982; Wu, 2002) . Second, under high shear stress, ECs can detach, thereby affecting membrane integrity (VanBavel, 2007; Hosseinkhah et al., 2015) . Third, the acoustic wave exerts radiation force on the MBs in the direction of the propagation of the acoustic wave (Dayton et al., 1999) , and the response of MBs may be sufficient to cause BBBO (Dayton et al., 1999) . Fourth, at high pressures, the surrounding fluid exerts such a large force against the MBs that they undergo a violent collapse. This causes a large local increase in temperature and a shockwave that travels at supersonic speeds, leading to microjetting that can puncture vessel walls (Apfel and Holland, 1991) . Although this event, termed inertial cavitation, results in BBBO, McDannold et al. showed that it is not necessary for FUS-mediated BBBO Hynynen et al., 2006) . In fact, inertial cavitation has been associated with tissue damage and thus FUS exposure levels should utilize only stable cavitation for BBBO (Hwang et al., 2006 ; see Section 8.4).
6.1. Ultrasound parameters that affect blood-brain barrier opening 6.1.1. Frequency
Ultrasound frequency strongly affects the response of MBs in the ultrasound field (Leighton, 1994) . The pressure threshold required to cause BBBO increases with increasing frequency (Hynynen, 2008; McDannold et al., 2006 McDannold et al., , 2008a . BBBO has been demonstrated with acoustic frequencies ranging between 28 kHz (Liu et al., 2010b ) to 8 MHz (Bing et al., 2009 ). However, the use of frequencies at the high end of this range for human application is unlikely due to the high pressures that would be required to overcome the high degree of attenuation caused by the skull bone (see Fig. 4 for an overview of ultrasound parameters). Conversely, use of frequencies at the low end of this range is accompanied by an increased focal size, which may also be undesirable. The optimal frequency for clinical transcranial FUS application is dependent on the desired effect, but is likely to be in the range of 0.2e1.5 MHz (Sun and Hynynen, 1999; Pajek and Hynynen, 2013) .
Since the transducers used for BBBO studies differ between groups and animal models, it is often a challenge to determine the threshold for BBBO. However, when expressed as a function of the mechanical index (MI ¼ PNP/√f, where PNP is the peak negative pressure and f is the center frequency of ultrasound wave), the threshold for BBBO (0.46) is approximately constant for several frequencies used in preclinical studies (McDannold et al., 2008b) .
Burst duration and microbubble concentration
McDannold et al. found that the extent of BBBO increases as burst duration is increased from 0.1 to 10 ms; however, no additional effects were found beyond this point (McDannold et al., 2008a) . It is postulated that longer burst lengths are not effective in increasing BBBO due to a complete destruction of MBs in the focal region during this time, necessitating a reperfusion of MBs. BBBO is also possible with short burst lengths, down to single cycle sonications, provided that the pressure amplitude is high enough to reach the threshold (O'Reilly et al., 2011) .
It is intuitive to hypothesize that a higher concentration of MBs in circulation should cause more BBBO. Although some have observed increases in BBBO when MB concentration is increased (Treat et al., 2007; Yang et al., 2007) , others have reported no differences in the range of 50e250 mL/kg (McDannold et al., 2008a, b) .
Burst repetition frequency
While increasing burst repetition frequency from 0.5 Hz to 5 Hz was found to have little effect on the degree of BBBO (McDannold et al., 2008a) , there is evidence to suggest that when raised from 0.1 Hz to 1 Hz, there is a significant increase in BBBO (Choi et al., 2011) . However, beyond 1 Hz, there is no additional benefit. This may be attributed to the increased time between bursts allowing a more complete reperfusion of MBs into the focal region (Goertz et al., 2010) .
Total exposure time
The duration of ultrasound exposure is also positively correlated with the degree of BBBO, as seen in contrast-enhanced MRI after treatment . However, with the ultrasound parameters investigated in this study (1.08 MHz frequency; 10 ms burst length; 1 Hz burst repetition frequency; 0.38 MPa pressure amplitude), exposure times beyond 300 s caused irreversible damage .
Other factors that have been shown to affect BBBO include acoustic pressure amplitude McDannold et al., 2007 McDannold et al., , 2008a , MB size distribution Samiotaki et al., 2012) , MB type , anesthetic type (McDannold et al., 2011) , and MB injection method (O'Reilly et al., 2011) . Overall, the above studies demonstrate that the BBBO can be induced with a wide variety of sonication parameters; however, the sonication parameters applied must be tuned for the experimental conditions to achieve BBBO without tissue damage.
7. Biological mechanisms of focused ultrasound and microbubble mediated blood-brain barrier opening
Biochemical changes
While the utility of FUS as a method of modulating BBB permeability has been demonstrated in a variety of preclinical models, a complete characterization of the biological processes that drive this opening is currently lacking. Studies have thus far provided information on the routes of entry into the brain following FUS and associated changes in protein expression. However, the knowledge required to tailor BBBO to specific therapeutic agents, pharmacologically modify the technique, or tightly control the duration of BBBO has yet to be established.
Early studies from Sheikov et al. demonstrated the occurrence of both trans-and paracellular leakage following FUS. Through the use electron microscopy, they observed an increased number of vesicles, vacuoles, fenestrations, and transcellular channels in capillary ECs, as well as dye leakage through the paracellular space, past the TJs (Sheikov et al., 2004) . Further work showed that the changes in TJ integrity were mirrored at the protein level, with a significant reduction in the immunoreactivity of occluden, claudin-5, and zona occluden-1 at 1 and 2 h following FUS (Sheikov et al., 2008) . Importantly, immunoreactivity of these TJ proteins returned to control levels at 4 h post-sonication, corresponding with the return of TJ integrity, as measured by the paracellular diffusion of horseradish peroxidase (HRP) and lanthanum chloride (Sheikov et al., 2008) . While it is unclear whether FUS induces a downregulation of TJ proteins or conformational changes to these proteins which block the epitope-antibody interaction required for immuno-detection, these studies support the notion that the effects of FUS on barrier integrity are transient. Similarly, the observed increase in the number of endothelial vesicles, predominantly found in arterioles, is also supported by evidence at the protein level. An upregulation of caveolin-1 has been measured using immunohistochemistry and Western blots at 1 h following FUS (Deng et al., 2012) .
More recently, two-photon microscopy has been used to observe the cerebral vasculature during FUS experiments in vivo ( Fig. 3e and f) . One of the major findings from this work has been the apparent existence of at least two types of leakage kinetics, mainly 'fast' and 'slow' leakage. Fast leakage describes the temporal dynamics of leakage in regions along the length of a blood vessel in which the intensity of extravasated fluorescent dye peaks within the first 10 min post-sonication (Cho et al., 2011; Nhan et al., 2013) . It has been speculated that this type of leakage is caused by the opening of TJs and/or cellular sonoporation (Nhan et al., 2013) . The rapid reduction in permeability in regions that display fast leakage may be aided by the recruitment of astrocytes and microglia (Burgess et al., 2012b) . In contrast, slow leakage occurs more diffusely along the length of the blood vessel and begins between 5 and 15 min post-sonication (Cho et al., 2011; Nhan et al., 2013) . Due to the spatial distribution and delay before slow leakage is detected, it is speculated that this type of leakage is facilitated by transcytosis. Interestingly, the diameter of blood vessel correlates strongly to the type of leakage observed, with slow leakage dominating in larger vessels (>40 mm) and fast leakage dominating in smaller vessels (<40 mm) (Nhan et al., 2013) ; this is in agreement with electron microscopy experiments .
Knowledge regarding the routes of entry and kinetics of leakage following FUS have advanced greatly in the past 10 years; however, the biochemical mechanisms driving this increased permeability, and the factors directing the restoration of normal barrier function are not well understood. Elevated levels of p-Akt, as well as one of its downstream signaling molecules, phosphorylated glycogen synthase kinase 3 beta (p-GSK3b), have been observed at 1.5 and 24 h post-FUS (Jalali et al., 2010) . Although the Akt pathway has been Fig. 4 . Parameters of an ultrasound wave. The ultrasound wave is depicted as a sinusoidal wave, with areas of compression being above the x-axis and areas of rarefaction below. The relationship between burst duration, burst repetition period, period, frequency, pressure amplitude, and total exposure time are displayed. implicated in increased BBB permeability following focal cerebral ischemia (Kilic et al., 2006) , there have been no causal links established between increased p-Akt immunoreactivity and FUS-induced BBBO. Similarly, in vitro work has demonstrated that ultrasoundstimulated MBs induce a transient increase in intracellular calcium concentration in murine brain microvascular ECs (Park et al., 2010) . While this could activate a variety of cellular processes involved in BBB permeability, including up-regulating caveolin-1 (Yang et al., 2012b) and influencing TJ reassembly (Ye et al., 1999) , there is currently no in vivo experimental data supporting an influence of calcium signaling on BBB permeability following FUS.
Cellular changes
Although astrocytic endfeet processes enwrap approximately 96% of the abluminal surface of brain capillaries (Jaeger and Blight, 1997), they do little to limit the paracellular diffusion of substances across the BBB (Pardridge, 2005) . Astrocytes are nevertheless an important factor in regulating the extracellular milieu, and are an indispensible component of the neurovascular unit (functional unit of neurons and their associated astrocytes, smooth muscle cells, and ECs) (Abbott et al., 2006) . Metabolically, astrocytes maintain ionic homeostasis in the brain (Chen and Swanson, 2003) . The majority of astrocyte populations aid in maintaining the integrity of the BBB, causing tighter TJs and increased expression and polarized localization of transporters (Abbott et al., 2006) . It has been shown that when astrocyte endfeet become separated from the ECs, BBB permeability increases; importantly, astrocytic endfeet can be realigned and reconnected to restored ECs (Hermann and ElAli, 2012) . Hypothetically, it is possible that the mechanical vibrations associated with the MB vibrations may cause the endfeet to become disconnected and thereby contribute to the increased BBB permeability.
Microglia are the resident immune cells of the brain, and can rapidly react to changes in the physiological state of the brain (Baburamani et al., 2014) . The motility and sensitivity of microglia to changes in brain parenchyma homeostasis make them an important component of the brain to consider in safety studies following manipulation of BBB integrity.
In addition to microglia, minimal entry of immune cells from the systemic circulation have been observed in the brain following FUS treatment. Specifically, helper T lymphocytes have been observed in the brain after FUS-mediated BBBO in healthy rats. This increase was not statistically significant, and the induced BBBO caused little to no red blood cell (RBC) extravasation. FUS-mediated BBBO also caused a slight increase in the tumor-infiltrating lymphocyte population in the tumor region of C-6 glioma rats. Interestingly, the authors found that administration of interleukin-12 (IL-12) with FUS-mediated BBBO significantly increased tumor-infiltrating lymphocyte populations and improved survival .
The relationship between glial cells and the BBB is apparent from their physical proximity and the functional dependence and cross-talk that exist between them (Abbott et al., 2006) . Thus far, the majority of literature on glial cells in the FUS field has been focused on the effects of FUS-mediated BBBO in AD mouse models at ages where Ab plaque burden is evident. In AD, both microglia and astrocytes are already in an activated state in the brain. The following section will focus on the response of microglia and astrocytes after FUS-mediated BBBO in the context of AD.
Microglia and astrocytes in Alzheimer's disease
The first study that observed the activation of microglia and astrocytes after FUS-mediated BBBO was observed in the TgCRND8 transgenic mouse model of AD in 2013. Analysis of astrocytes and microglia were dichotomized: the volume of cells surrounding plaques was equally divided into two categories, those proximal, and those further, or 'distal', to Ab plaques. Ab plaques are a wellknown hallmark of AD. Jordão et al. showed that a single treatment of FUS-mediated BBBO targeted to the cortex in mice caused significant changes in microglia and astrocytes 4 d after treatment, compared to the untreated hemisphere. Specifically, there were statistically significant increases in the volumes and surface areas of both microglia and astrocytes distal to Ab plaques. There was also a significantly greater Ab plaque count and volume within microglia and astrocytes located both proximally and distally from Ab plaques (Jordão et al., 2013) . This study was a convenient segue into observing glial response to FUS-mediated BBBO due to the basal activation of microglia and astrocytes in AD. The greater response of glial cells distal to plaques suggested saturation of phagocytic activity of the glial cells that were proximal to plaques. Importantly, these relative increases in glial response were also observed in the non-transgenic controls.
Temporal differences in microglial and astrocytic responses were also observed. Although the population density of both microglia and astrocytes are typically higher proximal to Ab plaques (Serrano-Pozo et al., 2011), most temporal differences were only statistically significant in regions that were not directly neighboring Ab plaques. Quantitative analysis of immunoblots showed that microglial reactivity was significantly increased from 4 h until 4 d after FUS-mediated BBBO, but resolved to baseline levels by 15 d in both transgenic and non-transgenic animals. Conversely, the increase in astrocyte reactivity reached significance at 4 d but not 4 h after treatment, but only remained significantly high at 15 d in transgenic animals. The authors concluded that microglia responded faster than astrocytes to BBBO; both microglia and astrocytes were activated by 4 d which was when plaque burden was most significantly reduced, but only astrocytes remained activated by 15 d post-treatment (Jordão et al., 2013) . To conclude, astrocytes and microglia were further activated by FUSmediated BBBO and phagocytosed more Ab than their counterparts in untreated AD animals; this is a possible mechanism contributing to the decreased plaque burden after treatment.
Safety of focused ultrasound and microbubble mediated blood-brain barrier opening
Due to the large surface area of the BBB (~20 m 2 per 1.3 kg brain; Abbott et al., 2006) and the close proximity of neurons to capillaries (8e20 mm; Abbott et al., 2006) , fluctuations in the peripheral circulation that occur throughout the day (e.g. hormones released after eating) could easily disrupt the extracellular milieu of the brain if the BBB was compromised. Thus, the temporal timeline of FUS-mediated BBBO and integrity of surrounding cells in the targeted areas are important factors to determine before clinical trials are considered. The Food and Drug Administration (FDA) in the USA has not yet approved ultrasound therapy devices for brain treatments. The FDA safety limit for diagnostic ultrasound use is to be within an MI of 1.9 (FDA, 2008) . However, the FDA has approved of HIFU for the treatment of uterine fibroids (Tempany et al., 2003) , pain palliation of metastatic bone cancer (Catane et al., 2007) , and most recently prostate cancer (Crouzet et al., 2014; Uchida et al., 2014) . Clinical trials for some neurological diseases, such as essential tremor disorder, are currently underway (Lipsman et al., 2013) . However, since these exposure levels are much higher than FUS-mediated BBBO treatments and do not include MBs, new guidelines for safety need to be established in the future.
In preclinical studies, the safety of FUS-mediated BBBO has been evaluated in three ways: (1) Analyzing the duration of increased BBB permeability in vivo using MR contrast agents (Section 8.1), (2) histologically (Section 8.2), and (3) through behavioral tests (Section 8.3). These assessments will be discussed in greater detail below, along with the effects of acute and repeated sonications. Quantitatively, parameters and thresholds for safe FUS exposure have been evaluated in two ways: (1) Pressure amplitude threshold for BBBO and tissue damage, and (2) detection and evaluation of MB cavitation activity via ultra-and subharmonics in real-time and correlating that signal to BBBO and tissue damage (Section 8.4). A summary of safety results from a selection of papers can be found in Table 1 .
Magnetic resonance imaging evaluation: duration of bloodbrain barrier opening
Much of the concern regarding the safety of FUS-induced BBBO comes from exposing the brain to potentially harmful molecules in the systemic circulation. While this is certainly an important consideration for any method of opening the BBB, the targeted and transient nature of this FUS-induced BBBO greatly minimizes the risk of adverse exposure, especially compared to more invasive and less targeted approaches (e.g. intracranial injection (Muir et al., 2011) and mannitol-induced BBBO (Nagy et al., 1979) ). Additionally, the ability to open the BBB in a targeted manner restricts potentially negative exposures to the affected regions of the brain. The duration for which BBB permeability is increased following FUS is dependent on several technical and biological parameters; thus, there is much variation in the literature regarding the timing of BBB closure. Additionally, as BBBO is not binary (open vs. closed), the method of assessing BBB integrity is highly relevant. Marty et al. investigated the half closure time (t 1/2 ) for three different sizes of MRI contrast agents following FUS. They found a strong inverse relationship between hydrodynamic diameter and t 1/2 , measuring t 1/2 of~5.5 h for a 1 nm particle,~1.5 h for a 4 nm particle, and 30 min for a 7 nm particle (Marty et al., 2012) . In general, studies commonly show the gradual reversal of BBBO, with complete closure between 1 and 10 h (Hynynen et al., 2001; Yang et al., 2009; Sheikov et al., 2008; Zhang et al., 2009) , provided optimized FUS parameters are employed. However, this is contrasted by studies which have observed drastically delayed closure times, up to 5 d following FUS (with accompanying cell loss and tissue damage), when using sub-optimal exposure parameters (1.5 MHz transducer; 6e8 mm diameter MBs; 0.6 MPa PNP; 10 Hz pulse repetition frequency; total duration of 60 s) .
Histological evaluation
The safety profile of FUS has been evaluated by assessing the brain tissue of mice, rats, rabbits, and non-human primates, using various histological staining techniques: H&E to evaluate RBC extravasation, microvacuolation, dark neurons, and blood vessel integrity McDannold et al., 2005; Baseri et al., 2010) ; TUNEL staining to evaluate DNA fragmentation and apoptotic cells McDannold et al., 2005; McDannold et al., 2012) ; vanadium acid fuchsin (VAF)-toluidine blue staining to evaluate ischemic neurons and RBC extravasation Hynynen et al., 2005 Hynynen et al., , 2006 ; Nissl staining to analyze neuronal integrity ; Luxol fast blue to evaluate myelin integrity ; Bielschowsky's silver stain for axons ; Prussian blue for the presence of hemosiderin ; and HRP staining for transmission electron microscopy analysis of vessel opening . T2-and T2*-weighted MR images are also evaluated for edema and petechaie, respectively .
In a short-term histological study of murine brains after FUSmediated BBBO, dark neurons, microvacuolated sites, and erythrocyte extravasation were observed 30 min after sonication . Another study showed that tissue necrosis, apoptosis, and ischemia are minimal or not observed in rabbits after sonication at the threshold for BBBO . Histological examinations have also been conducted on the brain tissue of macaques after as many as 13 FUS sessions over 26 weeks targeted to the thalamus, putamen, cingulate cortex, visual cortex, hippocampus, and white matter structures. This paradigm of repeated FUS-mediated BBBO resulted in no significant changes in T2*-weighted MR images after sonication, no evidence of demyelination, few ischemic neurons and extravasated erythrocytes, no apoptotic cells, healthy neurons, few hemosiderin deposits, and normal axonal morphology. Importantly, daily living tasks (e.g. eating, drinking, aggressive behavior) were unaffected after FUS-mediated BBBO. At the highest ultrasound exposure levels (444e700 kPa at 220 kHz), more severe vascular and parenchymal damage were observed, but these effects were contained in the focal region .
The threshold for BBBO has been described as the pressure at which the probability of causing BBBO is 50% (McDannold et al., 2008b) . When expressed in the form of PNP, the threshold for BBBO increases with increasing ultrasound frequency. However, when expressed in the form of MI (see Overview for equation), BBBO threshold was found to be approximately constant at 0.46 (McDannold et al., 2008b) across many experiments (Hynynen et al., 2001 McDannold et al., 2005 McDannold et al., , 2006 McDannold et al., 2006; McDannold et al., 2007; Treat et al., 2007) .
Behavioral evaluation
In addition to histological and MRI analysis, behavioral tests have also been conducted to evaluate the safety of FUS-mediated BBBO. After five FUS-mediated BBBO treatments to the lateral geniculate nucleus and primary and secondary visual areas of rhesus macaques over the course of 5e9 weeks, no changes were observed in visual acuity or in performance on a visual task learned prior to FUS treatment . Another study confirmed that up to 12 FUS-mediated BBBO sessions targeted to the caudate or putamen regions of the basal ganglia in macaques had no long-term effects on visual, cognitive, motivational, and motor functions (Downs et al., 2015) .
Real-time controller using microbubble cavitation activity
Various groups have established FUS parameters that are reliably believed to cause BBBO without damage, and vary according to the ultrasound frequency, acoustic pressure, and burst sequence used. Thus far, the most reliable method of producing BBBO without causing damage to the brain parenchyma is to scale back ultrasound pressures to 50% of the value at which sub-or ultraharmonic emissions are detected using a passive cavitation detector (O'Reilly and Hynynen, 2012) . These acoustic signals, emitted from MBs, are reliable indicators of stable cavitation (Neppiras, 1980) and thus provide a basis for evaluating FUS-mediated BBBO in real-time (O'Reilly and Hynynen, 2012) . In addition, this method of adjusting ultrasound pressure based on MB behavior has demonstrated high fidelity in a variety of animal models (O'Reilly and Hynynen, 2012; Burgess et al., 2014) , as it is intrinsically tailored to each animal's unique anatomy.
To conclude, the safety of FUS-mediated BBBO has been studied by several groups in a wide range of animal models. Novel technology, such as the real-time acoustic emissions controller, have been designed to account for the anatomical differences between subjects. The temporal and spatial resolution of FUS-mediated BBBO has been thoroughly investigated. While there are areas that remain to be investigated, the safety profile of FUS-mediated BBBO thus far appears to be promising.
9. Applications independent of therapeutic agent delivery 9.1. Alzheimer's disease Similar to most therapeutic agents, only~0.11% of systemically injected anti-amyloid antibodies bypass the BBB (Banks et al., 2002) . Conversely, delivery of anti-Ab antibodies via FUSmediated BBBO result in a significant decrease in Ab plaque load 4 d after treatment (Jordão et al., 2010) .
The same group found that FUS treatment, but without delivery of therapeutics, was sufficient to significantly decrease mean Ab plaque size and total Ab plaque surface area in the treated hemisphere. In addition, levels of endogenous antibodies (IgG and IgM) were significantly increased after FUS treatment. Morphological analysis of microglia and astrocytes demonstrated significant increases in activation and a greater level of Ab internalization compared to the untreated hemisphere (Jordão et al., 2013) .
Since AD is a progressive neurodegenerative disease, it is beneficial to evaluate the effects of repeated FUS treatments to the diseased brain. In 2014, Burgess et al. produced the first study to show that three weekly treatments of FUS-mediated BBBO alone improved AD pathology on a cellular and behavioral level (Fig. 5) . Specifically, they validated that FUS-mediated BBBO, bilaterally targeted to the hippocampi, significantly decreased plaque load and increased neurogenesis. This treatment also restored hippocampaldependent spatial memory performance in the transgenic AD mice to the levels of their non-transgenic, age-matched counterparts (Burgess et al., 2014) .
Another group, using slightly different ultrasound parameters to induce whole brain BBBO, confirmed these cellular and behavioral results in a different AD mouse model. They observed a decrease in plaque burden, improvements in different hippocampal-dependent behavioral tasks, activation of microglia, and an increase of Ab in the lysosomal compartments of microglia, following multiple treatments (Leinenga and G€ otz, 2015) . They did not observe a difference in inflammation in ultrasound treated animals compared to their untreated counterparts.
Neurogenesis: dentate gyrus of hippocampus
Several studies have shown that BDNF encourages neurogenesis (Henry et al., 2007; Scharfman et al., 2005) , and that mice lacking endogenous levels of BDNF have lower rates of neurogenesis (Rossi et al., 2006) . Based on a previous study that showed that FUS without MBs can increase BDNF (Tufail et al., 2010) , Scarcelli et al. executed a series of experiments to investigate the effects of FUSmediated BBBO on neurogenesis. They showed that FUSmediated BBBO, unilaterally targeted to the hippocamus led to a statistically significant increase in the number of cells that were double-positive for BrdU (bromodeoxyuridine; a marker for newborn cells) and NeuN (a marker for neurons), compared to the contralateral hemisphere. This finding is supported by another study which showed a significant increase in the number of DCX (doublecortin; a marker for immature neurons) positive cells, total dendrite length, and dendritic branching in the dentate gyrus of both TgCRND8 mice and their non-transgenic littermates following repeated FUS treatment (Burgess et al., 2014) . No significant differences have been observed in astrogenesis following FUS (Scarcelli et al., 2014) . It is still unclear how FUS encourages neurogenesis. Although the mechanism behind this phenomenon requires further investigation, it may have a beneficial effect in diseases that result in the degeneration of neurons, such as AD.
Neuromodulation
FUS has also been shown to have an effect on neural activity, both in the presence and absence of MBs. This effect is currently being investigated as a more targeted, less invasive alternative to techniques such as deep brain stimulation, vagus nerve stimulation, implanted electrocortical stimulation, or epidural cortical stimulation (Bystritsky et al., 2011) , and as an experimental tool to interrogate specific neural networks. As early as the 1950s, it was established that ultrasound had the potential to alter neural activity in the CNS of mammals (Fry, 1958) . More recently, Tyler et al. showed that the application of FUS (without MBs) to hippocampal slices and ex vivo mouse brains results in the activation of sodium and voltage-gated calcium channels, triggers endocytosis, and induces an increase in synaptic transmission (Tyler et al., 2008) . These results build on previous research from the 1990s on the neuromodulatory effects of FUS applied to brain slices (Rinaldi et al., 1991) . Similarly, in vivo studies have demonstrated that ultrasound alone (in the absence of MBs or BBBO) can stimulate motor function when targeted to the motor cortex (Tufail et al., 2010) , increase dopamine and serotinin concentrations in the thalamic areas of rats (Min et al., 2011) , and modulate the performance of awake macaque rhesus monkeys in an antisaccade task (Deffieux et al., 2013) .
Recent work also suggests a neuromodulatory effect of FUSmediated BBBO. Chu et al. reported suppressed somatosensory evoked potential (SSEP) amplitudes and blood-oxygen level dependent (BOLD) responses for up to one week following FUSmediated BBBO when sonicating at a frequency of 400 MHz and PNP of 0.5 MPa (MI of 0.8). Conversely, when the pressure was reduced to 0.35 MPa (MI of 0.55), this resulted in short-term suppression of SSEP amplitudes and BOLD responses for less than 60-min (Chu et al., 2015) . Interestingly, the authors did not find significant tissue damage at MIs of 0.55 or 0.80, which are higher than the previously established threshold of 0.46 .
Alternatively, FUS can also be used to deliver neuroactive substances to select regions of the brain, altering neural activity in those areas. Following BBBO in the rat somatosensory cortex, the intravenous administration of g-aminobutyric acid (GABA) results in a dose-dependent suppression of SSEPs in response to electrical stimulation of the sciatic nerve. No suppression is observed 1e5 d afterwards, or in control animals where the BBB is not disrupted (McDannold et al., 2015) . While characterization of the neuromodulatory effects of FUS-mediated BBBO in the absence of drug delivery is important from a safety and a basic science perspective, the therapeutic value of the technique remains to be determined.
Conclusions and future outlook
The single largest impedance to the delivery of drugs to the brain is the BBB (Pardridge, 2005) . Despite grand investments and significant advancements in our understanding of various neuropathologies, effective treatments have by and large remained elusive. While assessing all of the factors that have contributed to this slow progress and determining why clinical trials for promising drugs have failed is beyond the scope of this review, it is clear that there is a need for new strategies. In providing an avenue for the noninvasive, targeted delivery of therapeutic agents to the brain, FUS-induced BBBO presents the opportunity to rethink our approach to treating neuropathologies.
Currently there are several methods of bypassing the BBB for the purpose of increasing drug delivery to the brain being investigated, each with their own benefits and drawbacks. It is our opinion that FUS-mediated BBBO is the most versatile method that is both noninvasive and targeted. The body of research conducted in preclinical models, including non-human primates (Marquet et al., 2011; McDannold et al., 2012; Downs et al., 2015) , by several independent groups suggests that the clinical translation of FUS is both feasible and near.
As it stands, the biggest factor restricting the expediency of clinical translation is concern regarding the safety of opening the BBB with FUS. While a large body of literature supports the idea that a properly functioning BBB is crucial for ensuring proper brain homeostasis and preventing infection, several studies have demonstrated that if proper ultrasound parameters are used, temporary opening of the BBB using FUS is not accompanied by any long-term adverse side-effects. Normal barrier function is restored within 1e10 h of treatment with no evidence of apoptosis, necrosis, or infection. In addition, the targeted nature of the technique ensures that the volume of tissue exposed to any potentially harmful substances in circulation is greatly minimized, being confined to areas of pathology. However, it is important to note that the safety of this technique hinges on the use of safe but adequate ultrasound exposures. While much work has been done to determine how changes in various parameters affect the degree and duration of FUS-mediated BBBO, the most significant advancement in this regard will be in the continued development of real-time acoustic feedback control systems (O'Reilly and Hynynen, 2012) and transcranial bubble imaging ) that can provide consistent ultrasound exposures in human patients.
Although there is still work to be done to gain a more thorough understanding of the cellular and biochemical mechanisms driving BBBO following FUS, work in preclinical models demonstrate its efficacy and safety profile. As such, it may be time to cautiously move towards clinical feasibility testing that would determine if the promising animal results can be translated to the clinic. The first clinical trial of MR-guided FUS-mediated BBBO is currently underway (ClinicalTrials.gov identifier: NCT02343991). The purpose of this trial is to determine the safety of FUS-mediated BBBO in human patients, and to test the feasibility of using this technique to increase the delivery and accumulation of the chemotherapeutic doxorubicin to brain tumors. The first patient was treated in November 2015; successful BBBO was confirmed on MR images. If these treatments reach the benchmarks set for effectiveness and if long-term follow-ups confirm patient health, this will drive the advancement of FUS into more advanced trials and clinical implementation. If clinical translation is successful, FUS could change the way that many neuropathologies are treated.
